Abstract. The medicinal fungus Paecilomyces tenuipes exhibits a variety of pharmacological effects, including antidepressive effects. The chronic unpredictable mild stress (CUMS)-induced rat model has served an important role in studies involving antidepressants screening. The aim of the present study was to evaluate the antidepressant-like activity of P. tenuipes N45 aqueous extract (PTNE) in a CUMS-induced rat model of behavioral despair depression. Following 4 weeks of PTNE treatment, behavioral tests were conducted to investigate the antidepressant-like activities, and the levels of neurotransmitters and hormones in blood and hypothalamus were measured. The results demonstrated that PTNE treatment significantly increased movement in the forced running test, whereas the immobility time was reduced in the hotplate test and the forced swim test in depression-model rats. PTNE treatment was able to normalize the levels of hormones and neurotransmitters in serum and hypothalamus of CUMS rats. The data demonstrated that PTNE treatment may be a potential pharmaceutical agent in treatment-resistant depression, and the effects of PTNE may be partly mediated through normalizing the levels of neurotransmitters.
Introduction
Major depressive disorder (MDD) is a common distress disorder that is characterized by anhedonia, depressed mood and altered cognitive functions (1) . According to previous studies, depression will become the leading cause of disability to work and social contact by 2030 (2) , which may have serious consequences for individuals and their families (3) . Although genetic and environmental factors have been reported to be involved in the etiopathogenesis of depression, the precise mechanisms are still unknown (4) . Among the hypotheses regarding the pathogenesis of depression, there is more evidence that implicates hypothalamic-pituitary-adrenal (HPA) axis hyperactivity and neuroendocrine disorders; as well as the involvement of monoamine neurotransmitters (5, 6) . Current pharmacologic antidepressant therapies target monoamine neurotransmitters in the central nervous system to alleviate depressive symptoms (7) . However, the majority of currently available clinical antidepressants have a high risk of adverse effects (8) (9) (10) , and more than 30% of patients with depression fail to respond to antidepressant treatment, which not only reflects our incomplete understanding of the etiology of depression, but also indicates a need to discover effective and reliable treatment strategies.
Owing to the safety and effectiveness in alleviating the symptoms of depression, traditional Chinese medicines have been considered as complementary and alternative therapies (11) . The well-known medicinal fungus Paecilomyces tenuipes has been used as a crude drug and/or a folk tonic food for antitumor and immunomodulatory therapy (12) . The antidepressant-like effects of P. tenuipes and its compounds have been reported in animal models (13) . One study revealed that P. tenuipes treatment regulated the function of the HPA axis in rats, particularly in modulating the serum levels of cortisol and adrenocorticotropic hormone (ATCH) (14). However, the antidepressant-like effects of P. tenuipes and the possible mechanisms of action have rarely been examined.
Based on previous research, the present study aimed to analyze the antidepressant-like effects of P. tenuipes in chronic unpredictable mild stress (CUMS)-induced model rats. 
Paecilomyces tenuipes

Materials and methods
PTNE preparation. P. tenuipes N45 (China Center for Type Culture Collection, Wuhan, China) was cultured using a submerged fermentation process on a rotary shaker using a Biostat B fermenter (10 l flask; 150 rpm; Biostat B; Sartorius AG, Göttingen, Germany) for 5 days at 26˚C. The cultured medium contained glucose (40 g/l), peptone (10 g/l) and yeast extract powder (10 g/l), and was made in water up to 7 l. Cultured mycelia were extracted twice in 1,000 ml double distilled water (ddH 2 O) at 80˚C for 3 h. Following centrifugation of the water extract at 3,550 x g and 4˚C for 10 min, the supernatant was concentrated using an R1002B Rotary Evaporator for 4 h (pressure, 0.09 mPa; temperature, 80˚C; Shanghai Senco Technology Co., Ltd., Shanghai, China) and freeze-dried using a Genesis Pilot Lyophilizer 25ES for further testing. Preliminary determination indicated that PTNE contains 3.9% polysaccharides, 12.7% cordycepic acid and 0.3% adenosine, which were detected via the phenolsulfuricacid method (15) and high performance liquid chromatography (16) .
Depression-like rat model establishment and drug treatment procedure. Male Sprague-Dawley rats (n=60; age, 6-weeks-old; weight, 180-220 g) were purchased from the Laboratory Animal Center of Jilin University (Changchun, China) and maintained on a 12 h light/dark cycle (lights on 07:00-19:00 h) at 23±1˚C with water and food available ad libitum. The experimental protocol was approved by The Institution Animal Ethics Committee of Jilin University (Changchun, China). CUMS rats were established by exposing them to random stressors over a 1 week period. Stressors included: Forced swimming for 5 min at 4˚C, 24 h wet litter, 12 h food and water deprivation, 90 sec tail pinch, overnight illumination and 24 h cage tilt (cages were tilted to 45˚C from the horizontal). To prevent habituation, all stressors were randomly scheduled every week and repeated for eight weeks; rats were exposed to a different stressor each day of each week, and this was repeated for eight weeks. Rats housed in separated cages that did not receive any treatments served as the control (CTRL) group.
Drug treatments began from the fifth week of CUMS exposure, and were performed 1 h prior to the daily administration of CUMS. After 8 weeks of exposure to stressors, CUMS-induced depression-like rats were randomly separated into the following 5 groups (n=10/group; all treatments were administered orally for 4 weeks): i) Model group, which received physiological saline (10 ml/kg); ii) fluoxetine hydrochloride (Flu) group, which received Flu (3 mg/kg; Shanghai Zhongxi Pharmaceutical Co., Ltd., Shanghai, China); and three PTNE treatment groups, which were treated with iii) 0.04 g/kg, iv) 0.2 g/kg, or v) 1.0 g/kg of PTNE. CTRL rats were treated with 10 ml/kg of sterile saline (n=10). The bodyweight of each experimental rat was measured once per week.
Behavioral assessments Forced running test (FRT).
The FRT was performed as previously described (17) . Before formal testing, rats were allowed to run at 20 mph on an FT-200 treadmill (Chengdu Taimeng Science and Technology, Ltd., Chengdu, China) 3 times for 1 min each. The time until exhaustion was recorded to evaluate the running performance of each rat.
Hotplate test. The hotplate test was performed as reported previously (18) . Briefly, rats were placed on a 55±0.5˚C surface and paw withdrawal latency time (licking the hind paw of the injured side or jumping at the plate) was measured.
Forced swim test (FST).
Rats were placed individually in a Plexiglas cylinder (height, 50 cm; diameter, 20 cm) filled with 24±0.5˚C water to 40±1.5 cm. Immobility, which was defined as the lack of motion of the whole body except for the small movements that were necessary to keep the rats head above the water, was recorded during the last 5 min of the 6 min test.
Hormone and neurotransmitter detection. Upon completion of the aforementioned experiments, blood was collected from the caudal vein, and the rats were sacrificed by injection of pentobarbital (200 mg/kg). The hypothalamus was collected, weighed and homogenized with ddH 2 O. Samples were purified by centrifugation at 4˚C and 10,000 x g for 5 min. For detection of serum levels, 1 ml blood was centrifuged at 25˚C and 2,000 x g for 5 min and the serum was collected. The levels of 5-hydroxytryptamine (5-HT; cat no. CK-E30326), 5-hydroxyindoleacetic acid (5-HIAA; cat no. CK-E92141R), dopamine (DA; cat no. CK-E30237), 3,4-dihydroxyphenylacetic acid (DOPAC; cat no. CK-E93592R), glucocorticoid receptor (GR; cat no. CK-E30214), norepinephrine (NE; cat no. CK-E30189R), adrenocorticotropic hormone (ACTH; cat no. CK-E30596), acetylcholine (Ach; cat no. CK-E30422) and histamine (His; cat no. CK-E30476) in the hypothalamus and/or serum were measured by enzyme-linked immune sorbent assay (ELISA) kits (Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China), following the manufacturer's protocol. His and Ach levels were measured in the serum but not in the hypothalamus. Experiments were performed twice independently.
Statistical analysis. All data were expressed as the mean ± standard error of the mean. Statistical significance was determined by one-way analysis of variance followed by Dunn's test using SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. PTNE regulates neurotransmitter and metabolite levels in serum and hypothalamus. Significant reductions in the serum levels of 5-HT, 5-HIAA, DA, DOPAC, NE, Ach and His were observed in the untreated CUMS model rats compared with CTRL rats (P<0.05; Table I ). Flu treatment resulted in a significant increase in the serum concentrations of the neurotransmitters and metabolites in depression-like rats (P<0.05, Table I ). CUMS model rats treated with PTNE exhibited similar results as rats treated with Flu: PTNE treatment, particularly at doses of 0.2 and 1.0 g/kg, increased the serum levels of the neurotransmitters and the metabolites to healthy CTRL-like conditions (P<0.05; Table I ). However, PTNE at 0.04 g/kg failed to significantly influence the levels of DA, DOPAC, Ach and His, while PTNE at 0.2 g/kg failed to significantly reverse the abnormal levels of 5-HIAA and Ach in the serum of CUMS rats (Table I) .
Results
Antidepressant
Consistent with the effects on serum levels, a significant reduction was observed in the levels of 5-HT, 5-HIAA, DA, DOPAC and NE in the hypothalami of CUMS-induced depression-like rats (P<0.05; Table II), compared with CTRL rats. Certain Flu and PTNE treatments significantly increased the CUMS-inhibited neurotransmitter and metabolite levels in the hypothalamus of depression-like rats (P<0.05; Table II ). PTNE at a dose of 1.0 g/kg was the only treatment for which a significant increase in the level of hypothalamic DA concentration was identified (P<0.01; Table II) .
PTNE regulates hormone levels in serum and hypothalamus.
Untreated CUMS model rats exhibited significantly reduced levels of GR and ACTH in both serum and hypothalamus compared with CTRL rats (P<0.05; Fig. 2 ). Flu and 1.0 g/kg PTNE treatments resulted in an increase in the levels of GR and ACTH in the serum compared with untreated CUMS rats (P<0.05; Fig. 2A and C) . However, only 0.2 and 1.0 g/kg PTNE treatment was able to increase GR levels in the hypothalamus (P<0.05; Fig. 2B) ; whereas neither Flu nor PTNE treatments were able to affect ACTH levels in the hypothalamus in CUMS rats (Fig. 2D) .
Discussion
Depression has been recognized as one of the most prevalent disorders worldwide and results in significant social burden (4). Depression-like behaviors can be successfully produced in rats through environmental manipulations or by genetic and/or pharmacological factors (19) . When exposed to CUMS, rats exhibit behavioral disturbances and neurobiological changes that are similar to the symptoms of patients with depression (20) ; thus, CUMS-induced depression-like model rats have been widely used to evaluate the antidepressive effects of a wide range of drug treatments (21) . The present study investigated the antidepressant-like effects of PTNE treatment on CUMS model rats. Exercise promotes physical health, and has been reported to be an efficient antidepressant in patients with depression (22) . A previous study associated depression-like phenotypes in rats with mechanical allodynia and transient thermal hyperalgesia in the hotplate test, and suggested that nociceptive responding may be used as an alternative method to assess depression-like behaviors (23) .
FST is a classical model that is used for measuring behavioral despair and antidepressant response (24) . In the present study, PTNE-treated CUMS rats exhibited observable antidepressant effects in FST, hotplate test and forced running test, which led to the exploration of the underlying mechanisms of PTNE on depression-like behavior.
Compared with untreated CUMS rats, PTNE treatment was able to restore the levels of the neurotransmitters in the serum and hypothalamus to a normal standard, particularly the monoamines. In the monoamine hypothesis, depression is connected with the metabolic turnover of DA and 5-HT in the brain (25) . 5-HT was reported to regulate various functions within the central nervous system, including impulsivity and mood (26) . A recent clinical trial suggested that the concentration of platelet 5-HT1A receptors may serve as a diagnostic biomarker for depression (27) . Another study reported that a depression-like mouse model was successfully established through the genetic deletion of 5-HT transporter in mice (28) . Notably, in the present study, PTNE treatment increased the low levels of 5-HT and 5-HIAA in serum and hypothalamus of depression-like rats. In addition, DA was revealed to be the most abundant catecholaminergic neurotransmitter in the brain, and was implicated in the development of stress-related disorders (29) . Consistent with the monoamine hypothesis, a deficit of DA and/or DA metabolites in the brain has been noted in patients with depression (30) . Certain antidepressant treatments have been reported to exhibit pharmacological effects related to the modulation of DA functions by increasing the expression of DA receptors or DA levels in the serum and hypothalamus (31, 32) . In the present study, PTNE treatment not only increased the levels of DA in the serum and hypothalamus of CUMS model rats, but also induced an increase in the levels of NE and DOPAC. NE is another catecholaminergic neurotransmitter that has previously been reported to be involved in mood control (33) . Based on the present data, 5-HT and DA may be involved in the antidepressant-like effects of PTNE treatment in CUMS-induced model rats; however, further experimentation is required. The neurotransmitters Ach and His were also examined in the present study, and PTNE treatment was noted to increase their expression levels in CUMS rats. One reported hypothesis suggested that learning difficulties may be explained by the lack of Ach expression in patients with Alzheimer's disease (34) . His was demonstrated to act as a modulator in the brain that affects the action of other neurotransmitters (35) . Extracellular recordings revealed that His can either excite or depress neuronal activity in different regions of the brain (36) . The present study investigated the roles of Ach and His associated with the anti-depressant-like effects of PTNE treatment in CUMS rats, and it was demonstrated that PTNE (1 g/kg) treatment significantly increased the levels of Ach and His in the serum of rats compared with CUMS-induced model rats.
Preclinical and clinical studies have revealed that hyperactivity of the HPA axis may be another potential component in the pathophysiology of depression (37) . In patients with depression, increased levels of serum ACTH and cortisol indicated an important role for the HPA axis (38) . Antidepressants have been reported to ameliorate neurobiological disturbances, including HPA axis hyperactivity, partly by restoring GR function (39) . Restraint stress affects the HPA axis and regulates monoamine neurotransmitters in brain (40) . Icariin, extracted from Herba Epimedii, displayed antidepressant-like activity in the social defeat mouse model by regulating the function of the HPA axis, particularly by upregulating the levels of GR (41) . Similarly, PTNE enhanced the levels of ACTH and GR in serum and hypothalamus of CUMS rats, Figure 2 . PTNE regulated the levels of ACTH and GR in the serum and hypothalamus of CUMS-induced rats. CUMS-induced depression-like rats were treated with PTNE (0.04, 0.2 and 1.0 g/kg) and Flu (3 mg/kg) orally for four weeks. The levels of (A and B) GR and (C and D) ACTH in serum and hypothalamus were analyzed by ELISA analysis. Data are presented as the mean ± standard deviation of the mean (n=10) and analyzed by a one-way analysis of variance followed by Dunn's test. # P<0.05, ## P<0.01 vs. CTRL; * P<0.05 vs. untreated CUMS rats. ACTH, adrenocorticotropic hormone; CTRL, control; CUMS, chronic unpredictable mild stress; Flu, fluoxetine hydrochloride; GR, glucocorticoid receptor; PTNE, Paecilomyces tenuipes N45 water extract.
which indicates that its antidepressant-like effect may be associated with the normalization of HPA axis activity. Compared with other synthetic chemical antidepressants, PTNE is an herbal medicine that contains multi-effective components (42) , which may target many molecules such as neurotransmitters. The 'systemic targetingʼ of PTNE, including action in the modulation of neurotransmitters, metabolites and hormones, may relieve depression-like behaviors in a more natural way compared with synthetic antidepressants, so that less adverse side effects would be expected.
In conclusion, the present study demonstrated that PTNE possesses antidepressant-like activities, which may function by regulating the levels of neurotransmitters, metabolites and hormones. The data provided experimental evidence in support of the potential use of PTNE against major depression.
